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Background: Endothelial cells secrete the hemostatic protein von Willebrand factor (VWF), stored in granules called
Weibel-Palade bodies (WPBs).
Results:The scaffolding protein Discs large 1 (Dlg1) is in complex with clathrin, adaptator protein complex 1 (AP-1), and VWF.
Its depletion impairs WPB formation.
Conclusion: Dlg1 participates in the AP-1/clathrin coat necessary for WPB biogenesis.
Significance: This study introduces a new Dlg1 function in exocytosis.

Weibel-Palade bodies (WPBs) are specific cigar-shaped gran-
ules that store von Willebrand factor (VWF) for its regulated
secretion by endothelial cells. The first steps of the formation of
these granules at the trans-Golgi network specifically require
VWF aggregation and an external scaffolding complex that con-
tains the adaptator protein complex 1 (AP-1) and clathrin. Discs
large 1 (Dlg1) is generally considered tobe amodular scaffolding
protein implicated in the control of cell polarity in a large variety
of cells by specific recruiting of receptors, channels, or signaling
proteins to specialized zones of the plasmamembrane.We pro-
pose here that in endothelial cells, Dlg1, in a complex with AP-1
and clathrin, participates in the biogenesis ofWPBs. Supporting
data show that Dlg1 colocalizes with microtubules, intermedi-
ate filaments, and Golgi markers. Tandem mass spectrometry
experiments led to the identification of clathrin as an Dlg1-in-
teracting partner. Interaction was confirmed by in situ proxim-
ity ligation assays. Furthermore, AP-1 and VWF immunopre-
cipitate and colocalize with Dlg1 in the juxtanuclear zone.
Finally, Dlg1 depletion by siRNA duplexes disrupts trans-Golgi
network morphology and WPB formation. Our results provide
the first evidence for an unexpected role of Dlg1 in controlling
the formation of specific secretory granules involved in VWF
exocytosis in endothelial cells.

InDrosophila, the multidomain scaffolding proteins scribble
(Scrib in mammals), discs large (Dlg), and lethal giant larvae
(Lgl) form the Scrib polarity complex and act together to regu-
late epithelial cell apicobasal polarity. In particular, Dlg protein
was shown to be located at septate junctions between epithelial
cells and is required for the maintenance of junction structure

and for the differential composition of basal and apical mem-
branes (1). Dlg1, themammalian orthologue ofDrosophilaDlg,
colocalizeswith the adhesionmolecule E-cadherin at the lateral
sites of cell-cell contacts in mammary epithelial cells (2, 3). In
these cells, Dlg1 depletion gave differing results, showing,
depending on the authors, that Dlg1 loss may alter adherens
junction integrity or tight junction function (4, 5). The contri-
bution of Dlg1to the control of epithelial cell polarity is less
clear in mammals than in Drosophila.
Endothelial cells are the only other cell type displaying an

apicobasal polarity (6–9). The maintenance of this polarity is
necessary for one of the major roles of endothelial cells, secre-
tion by exocytosis of several proteins that regulate blood coag-
ulation, blood flow, and local immune responses (10). Among
them, the proinflammatory adhesive protein von Willebrand
factor (VWF)2 acts in the recruitment of platelets during blood
vessel injury and in leukocyte extravasation (11–13). Von Wil-
lebrand’s disease is themost common inherited bleeding disor-
der in humans, and the association betweenVWF and coronary
heart disease is well documented (14, 15). More recently, VWF
was proposed as a promising emerging target in stroke therapy
(16).
VWF is stored, in endothelial cells, in unique large tubular

granules (1–6 �m long, 0.1–0.3 �m in diameter) called
Weibel-Palade bodies (WPBs) (17, 18). The elaborate biogene-
sis of these particular cigar-shaped granules is still under inves-
tigation (17). Although clathrin is known to provide an external
scaffold to shape small, 50- to 100-nm transport vesicles, the
formation of much larger, dense-cored secretory granules such
as WPBs is driven by selective aggregation of soluble internal
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cargo (i.e. VWF for WPBs) at the trans-Golgi network (TGN).
However, in contrast to other secretory granules, it was more
recently shown that cargo aggregation alone is not sufficient to
form WPBs or mucin-containing glue granules in Drosophila
salivary glands. It was proposed that an external scaffold that
contains adaptator protein complex 1 (AP-1) and clathrin is
also essential for the biogenesis of these particular granules (19,
20).
In endothelial cells, the mechanisms controlling the forma-

tion and maintenance of apicobasal polarity and the polarized
sorting of secretory granules and transport vesicles are poorly
understood. We speculated, by analogy with epithelial cells,
that Dlg1 could be involved in the regulation of endothelial
cell-cell junctions and of apicobasal polarity. However, the
microscopy data presented in this report show that Dlg1 is not
localized at sites of cell-cell junctions in endothelial cells.
Instead, Dlg1 is mostly found at locations corresponding to
microtubules, intermediate filaments, and the Golgi apparatus.
We used tandemmass spectrometry to identify putative endo-
thelial-specific direct or indirect Dlg1-interacting partners.
Clathrin heavy chain was the Dlg1 coimmunoprecipitated pro-
tein identified with the best score. Additionally, we show that
AP-1 and VWF also immunoprecipitate and colocalize with
Dlg1 in the juxtanuclear zone. Finally, in Dlg1-depleted cells,
the formation ofWPBswas impaired. Together, these data pro-
vide the first evidence that Dlg1, in association with clathrin
and AP-1, may control the formation of WPBs at the TGN.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used: monoclo-
nal and polyclonal anti-Dlg1 (catalog nos. sc-9961 and
sc-25661, respectively), anti-Scrib (catalog no. sc-28737), and
anti-ZO-2 (catalog no. sc-11448) from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA); anti-�-actin (catalog no. ab6276),
anti-clathrin heavy chain (catalog no. ab21679), and anti-
GM130 (catalog no. ab52649) from Abcam (Cambridge, MA);
anti-VE-cadherin (catalog no. BMS158) from Bender MedSys-
tems (Vienna, Austria); anti-E-cadherin (catalog no. 3195),
anti-�/�-tubulin (catalog no. 2148), and anti-vimentin (catalog
no. 5741) from Cell Signaling Technology, Inc. (Beverly, MA);
anti-VWF (catalog no. A 0082) from DAKO (Glostrup, Den-
mark); anti-�-adaptin (catalog no. A 4200), anti-talin (catalog
no. HPA004748), and anti-TGOLN2 (catalog no. HPA012609)
from Sigma; peroxidase-conjugated affiniPure goat anti-rabbit
IgG (catalog no. 111-035-144) and anti-mouse IgG (catalog no.
115-035-146) from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA); and Alexa Fluor 488 goat anti-mouse
IgG highly cross-adsorbed (catalog no. A11029), Alexa Fluor
488 goat anti-mouse IgG1 (catalog no. A21121), Alexa Fluor
555 goat anti-mouse IgG2b (catalog no. A21147), and Alexa
Fluor 555 goat anti-rabbit IgG highly cross-adsorbed (catalog
no. A21429) from Invitrogen.
Cell Cultures and Transient Transfections—Cells were cul-

tured in an incubator at 37 °C with 5% CO2. Normal primary
human umbilical vascular endothelial cells (HUVECs) were
maintained with endothelial cell growthmedium 2 (Promocell,
Heidelberg, Germany) supplemented with the endothelial cell
growth medium supplement pack (Promocell) and an antibi-

otic mixture (PAA Laboratories): 5 units/ml penicillin, 0.5
�g/ml streptomycin, and 25 ng/ml amphotericin B. Immortal-
ized human cerebral microvasculature endothelial cells D3
(hCMEC/D3) were a generous gift from Pierre-Olivier
Couraud (INSERMU567, Paris, France) (21). Cells were grown
in endothelial basal medium-2 (Lonza, Basel, Switzerland) sup-
plemented with 5% (v/v) fetal calf serum (PAA Laboratories,
Pasching, Austria), 10 mM HEPES (PAA Laboratories), 1.4 �M

hydrocortisone (Sigma), 5�g/ml ascorbic acid (Sigma), 1 ng/ml
basic fibroblast growth factor (Millipore, Temecula, CA), and
the antibiotic mixture (PAA Laboratories). Caco-2 cells were
maintained with high-glucose DMEM, glutamax, and pyruvate
(Life Technologies, Carlsbad, CA) and supplemented with 20%
(v/v) fetal calf serum (PAA Laboratories) and the antibiotic
mixture (PAA Laboratories). HUVECs and hCMEC/D3 were
plated on rat tail type 1 collagen-coated (BD Biosciences) tissue
culture dishes until passages 4 and 35, respectively. hCMEC/D3
were transfected with the custom Dlg1 siRNA duplexes N8
(sense sequence, GGACCAGAGUGAGCAGGAAtt) and N11
(GACAGACAGCUCAGAAGUUtt) or with the irrelevant
siRNA duplex Neg (siRNA negative control, Eurogentec, Sera-
ing, Belgium). The transfection reagent Lipofectamine 2000
(Life Technologies) was used as recommended by the supplier
with slight modifications. Briefly, for a 6-well culture plate, a
combination of 7.5 �l of Lipofectamine 2000 and 250 pmol of
siRNA duplexes was added to each well.
Western Blotting—Samples in Laemmli buffer were sepa-

rated by SDS-PAGE. Proteins were then transferred onto nitro-
cellulose membranes (Hybond-ECL, Amersham Biosciences)
and membranes were blocked with TBS-Tween containing 5%
(w/v) skimmedmilk for 1 h at room temperature and then incu-
bated overnight with the primary antibody (anti-�-actin, 0.42
�g/ml; anti-�-adaptin, 1.5 �g/ml; anti-clathrin heavy chain, 1
�g/ml; anti-Dlg1, 1 �g/ml; anti-GM130, 42 pg/ml; anti-talin,
0.24�g/ml; anti-�/�-tubulin, 40 pg/ml; anti-vimentin, 9 pg/ml;
and anti-VWF, 3 �g/ml) at 4 °C under stirring. After washing
with TBS-Tween, membranes were incubated with the suitable
secondary antibody coupled to peroxidase, and immune com-
plexes on the membranes were finally revealed by enhanced
chemiluminescence (ECL�, Amersham Biosciences) and visu-
alized by exposure to films (Hyperfilm ECL, Amersham
Biosciences).
Immunoprecipitation—Cellswere lysed in a hypotonic buffer

(200 mM Hepes (pH 7.9), 15 mM MgCl2, 100 mM KCl, supple-
mentedwith protease inhibitor cocktail and phosphatase inhib-
itor cocktails 2 and 3 (Sigma)). Then, 0.5% (v/v) Triton X-100
and 100 mMNaCl were added to the lysates, which were subse-
quently preclarified by centrifugation (10,000 � g, 4 °C, 10
min). Immunoprecipitation was performed by incubating 600
�g of proteins with 2 �g of primary antibody overnight at 4 °C
under stirring. Irrelevantmouse IgG1 and rabbit IgGwere used
as controls. Magnetic beads (15 �l, Ademtech, Pessac, France)
coupled to protein A or protein G were used to precipitate the
immunocomplexes as recommended by the manufacturer.
Immunoprecipitates were finally eluted from the beads by boil-
ing for 5 min in an SDS-PAGE buffer containing �-mercapto-
ethanol. Samples were submitted to Western blot analysis.
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Tandem Mass Spectrometry—Immunoprecipitated proteins
were digested directly on beads overnight at 37 °C by sequenc-
ing grade trypsin (12.5 �g/ml, Promega, Madison, WI) in 20 �l
of 25 mmol/liter NH4HCO3. Digests were analyzed by an LTQ
Velos Orbitrap (Thermo Fisher Scientific, San Jose, CA) cou-
pled to an Easy nano-LC Proxeon system (Thermo Fisher Sci-
entific). Chromatographic separation of peptides was per-
formed with the following parameters: column Easy Column
Proxeon C18 (10 cm, 75 �m in inner diameter, 120 A), 300
nl/min flow, gradient rising from 95% solvent A (water, 0.1%
formic acid) to 25%B (100% acetonitrile, 0.1% formic acid) in 20
min, then to 45% B in 40 min, and finally to 80% B in 10 min.
Peptides were analyzed in the Orbitrap in full ion scan mode at
a resolution of 30,000 and amass range of 400–1800m/z. Frag-
ments were obtainedwith a collision-induced dissociation acti-
vation with a collisional energy of 40% and an activation Q of
0.250 for 10 ms and then analyzed in the LTQ. MS/MS data
were acquired in a data-dependent mode in which the 20 most
intense precursor ions were isolated with a dynamic exclusion
of 20 s and an exclusion mass width of 10 ppm. Data were
processed with Proteome Discoverer 1.2 software (Thermo
Fisher Scientific) coupled to an in-house MASCOT search
server (Matrix Science, Boston, MA, version 2.3.02). The mass
tolerance of fragment ions was set to 10 ppm for precursor ions
and 0.6Dalton for fragments. The followingmodificationswere
used in variable modifications: oxidation (M) and phosphory-
lations (STY). The maximum number of missed cleavages was
limited to two for trypsin digestion.MS-MS data were searched
against SwissProt databases with the Homo sapiens taxonomy.
A reversed database approach was used for the false discovery
rate estimation. A threshold of 1% was chosen for this rate.
Proteinswith aMASCOTscore higher than 45were considered
as clearly identified. Proteins identified in Dlg1 immunopre-
cipitates with a null score in the IgG1 control immunoprecipi-
tates were considered as putative Dlg1 partners.
Immunocytochemistry—Cells were grown on 8-chamber

Permanox Lab-Tek slides (Nalgene Nunc Corp., Rochester,
NY) coatedwith rat tail collagen type 1 or onprecoated collagen
1 coverslips (BDBiosciences). Cells werewashedwith PBS, sup-
plemented with 1 mM Mg2� and 1 mM Ca2�, and fixed with
3.7% (w/v) paraformaldehyde in PBS for 15 min. The reaction
was stopped with the addition of 50 mM NH4Cl for 15 min.
Finally, cells were blocked for 15 min with 0.5% (w/v) BSA and
0.1% (v/v) TritonX-100 in PBS.Wells were then incubatedwith
the suitable primary antibody against �-adaptin (3 �g/ml),
E-cadherin (0.215 �g/ml), VE-cadherin (5 �g/ml), clathrin
heavy chain (1 �g/ml), Dlg1 (10 �g/ml), GM130 (2.1 �g/ml),
Scrib (10 �g/ml), TGOLN2 (0.53 �g/ml), �/�-tubulin (1.6
�g/ml), vimentin (0.18 �g/ml), VWF (2.6 �g/ml), and ZO-2 (2
�g/ml) for 1 h at room temperature. Negative control staining
was performed using non-relevant IgG. After several washes in
blocking buffer, cells were labeled with the appropriate Alexa
Fluor fluorochrome-conjugated secondary antibody (4 �g/ml,
Molecular Probes, Invitrogen) diluted in blocking buffer. F-ac-
tin was stained with Alexa Fluor 555-conjugated phalloidin
(Invitrogen). Finally, slides were mounted in DAKOCytoma-
tion fluorescent mounting medium (DAKO), and cells were
imaged using a fluorescent (Nikon, Kanagawa, Japan) or confo-

cal microscope (LSM700 META, Zeiss). Colocalization and
Pearson’s correlation coefficients were determined using
ImageJ software (National Institutes of Health, Bethesda, MD).
Colocalization was indicated by a Pearson’s coefficient ranging
from 0.5–1 (22).
Duolink� in Situ Proximity Ligation Assay (PLA)—This tech-

nique is adapted fromSoderberg and coworkers (23). Cellswere
labeled with a combination of primary antibodies as for immu-
nocytochemistry and incubated with a pair of nucleotide-la-
beled secondary antibodies (rabbit PLA probe MINUS and
mouse PLA probe PLUS, OLINK Biosciences, Uppsala, Swe-
den) diluted at 1:10 in saturation buffer for 2 h at room temper-
ature. According to the instructions of themanufacturer, inter-
actions between the PLA probes were revealed by addition of a
hybridation solution consisting of two oligonucleotides that
will hybridize to the two PLA probes if they are in close prox-
imity (within a distance less than 40 nm), addition of a ligation
solution joining the two hybridized oligonucleotides to form a
closed circle, by amplification of the rolling-circle product
using a polymerase and nucleotides, and, finally, by detection
with hybridizing 563-labeled oligonucleotides. Cell nuclei were
stained with 4�,6-diamino-2-phenylindole. Signals indicative of
interactionswere detected by confocalmicroscopy as small dis-
tinct fluorescent dots in visible red.
Isolation of Triton X-100-insoluble and Triton X-100-soluble

Fractions—Cell fractionation was performed in accordance
with a method described previously (24, 25). Cells were briefly
washed twice with ice-cold PBS and scraped off for lysis by
incubation, for 5min at 4 °C under stirring, with 1% (v/v) Triton
X-100, 100mMTris-HCl (pH 7.4), supplemented with protease
inhibitor cocktail and phosphatase inhibitor cocktails 2 and 3
(Sigma). The large-size Triton X-100-insoluble fraction (cyto-
skeleton) was isolated by centrifugation at 15,600� g at 4 °C for
4 min. To obtain the insoluble fraction of low size (cortical
cytoskeleton), the Triton X-100-soluble fraction was further
centrifuged at 100,000 � g for 4 h at 4 °C. The resulting super-
natant represents the final Triton X-100-soluble fraction. The
Triton X-100-insoluble fractions were solubilized by incuba-
tion, for 30min at 4 °C under stirringwith 1% (v/v) SDS and 100
mM Tris HCl (pH 7.4) supplemented with protease inhibitor
cocktail and phosphatase inhibitor cocktails 2 and 3 (Sigma)
and sonicated briefly. Protein concentration was determined in
each sample using the BCA protein assay (Pierce). Finally, 20 or
5 �g of proteins was submitted to Western blotting.
Statistical Analysis—Values are expressed as mean � S.E.

The significance of differences between groupswas tested using
the Student’s t test. A value of p � 0.05 was considered
significant.

RESULTS

Expression and Localization of Dlg1 in Endothelial Cells—
Epithelial and endothelial cells display an apicobasal polarity
critical for many aspects of their functions. Polarity complexes,
such as the Scrib complex, formed of Scrib, Dlg1, and Lgl, have
been implicated in the formation and maintenance of the api-
cobasal polarity in epithelial cells. Less is known concerning the
role of these complexes in endothelial cells. To establish
whether Dlg1 is present at cell-cell contacts between endothe-
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lial cells as it is in epithelial cells, we comparedDlg1 localization
in HUVECs and in hCMEC/D3 with its localization in human
epithelial colorectal adenocarcinoma cells, the Caco-2 cell line.
HUVECs are primary endothelial cells isolated from the human
umbilical vein that are well characterized and used extensively
in the literature. hCMEC/D3 is an immortalized human brain
microvascular endothelial cell line, and these cells are consid-
ered as a model of the human blood-brain barrier (21). First,
Western blotting data show that Dlg1 is expressed as a doublet
in postconfluent HUVECs and hCMEC/D3 cells, whereas post-
confluent Caco-2 cell cultures express four distinct forms of the
protein (Fig. 1, A and B). This pattern of expression is similar
whatever the state of cell confluency (data not shown). The
comparative steady-state levels of Dlg1 were as follows:
HUVECs � hCMEC/D3 � Caco-2. Then, to determine intra-
cellular Dlg1 distribution, fixed postconfluent cells were sub-
mitted to immunostaining. The localization of cell-cell contact

markers (cadherins, the tight junction-associated protein
ZO-2, and Scrib) was also imaged to ascertain that mature cell
junctions were fully established between cells. Although cell-
cell contact markers, including Scrib, were present at the cell
junctions in every cell type tested, Dlg1 was found in that local-
ization only in Caco-2 cells (Fig. 1, C–N). In endothelial cells,
Dlg1 showed a surprisingly diffuse staining with a filamentous
aspect, more intense at the perinuclear region (Fig. 1, J and N).
We were then interested to compare Dlg1 staining in subcon-
fluent Caco-2 cells and hCMEC/D3 under conditions where
mature cell-cell contacts are not established between cells (Fig.
1, O and P). Staining was similar in both cell types, with the
labeling of tubular structures reminiscent of the cytoskeleton
and emerging from the perinuclear area. These results suggest
that Dlg1 localization in endothelial cells and subconfluent epi-
thelial cells is likely due to a default of the recruitment of the
protein by the cell-cell junction complexes. Finally, because
Dlg1 expression was greater in hCMEC/D3 cells than in
HUVECs, and because both cell types showed a similar intra-
cellular distribution of the protein, further experiments were
performed in hCMEC/D3.
To validate that Dlg1 is associated with the cytoskeleton in

endothelial cells, we first isolatedTritonX-100-insoluble (cyto-
skeleton) and Triton X-100-soluble fractions (membrane and
cytosol) from postconfluent cultures of hCMEC/D3. The large-
size (low-speed) insoluble fraction (F1) was particularly
enriched with vimentin and Dlg1 (Fig. 2A). This fraction is also
likely to contain a more stable pool of microtubules less sensi-
tive to cold-induced depolymerization. The insoluble fraction
of low size (high-speed, F2) was rich in talin, a focal adhesion
protein, but poorer in Dlg1. Finally, the soluble fraction (F3)
was rich in depolymerized�/�-tubulin and the poorest in Dlg1.
�-Actin was present in all fractions with little variation. Conse-
quently, fractionation data argue in favor of the association of
the bulk of Dlg1 protein with the large size cytoskeleton. Sup-
porting data were obtained by comparison of Dlg1 immuno-
staining with cytoskeletal marker staining in fixed hCMEC/D3.
Confocal data show that Dlg1 partially colocalizes at the peri-
nuclear region with �/�-tubulin (Pearson’s correlation coeffi-
cient (r) � 0.613) and vimentin (r � 0.522), the markers of
microtubules and intermediate filaments, respectively. In con-
trast, Dlg1 does not colocalizewith actin stress fibers (r� 0.201,
Fig. 2, B–J).
Identification of New Putative Partners of Dlg1 in Endothelial

Cells—As a first step to elucidate the function of Dlg1 in endo-
thelial cells, we sought for direct or indirect interacting part-
ners. First, the pattern of the proteins, immunoprecipitated
with the specific monoclonal Dlg1 antibody, in hCMEC/D3
whole cell lysateswas comparedwith the pattern of the proteins
immunoprecipitated with a nonspecific immunoglobulin, IgG1
(Fig. 3A). Results show a clear discrepancy between the two
patterns, suggesting that the immunoprecipitation of Dlg1
together with its interacting partners is specific. Then, the pro-
teins immunoprecipitated with Dlg1 were identified by tandem
mass spectrometry after direct trypsinization (supplemental
Fig. S1). Among the proteins successfully identified with a
MASCOT score greater than 45 in the digested Dlg1 immuno-
precipitates and a null score in the IgG1 immunoprecipitates

FIGURE 1. In postconfluent endothelial cells, Dlg1 is not localized at sites
of cell-cell junctions. A and B, Dlg1 expression levels were compared by
Western blotting in whole cell lysates of two different HUVEC cultures and of
cultured hCMEC/D3 and Caco-2 cells. The same amounts of each postconflu-
ent cell extract (20 �g protein) were loaded per lane. �-actin detection was
used as a loading control. C–N, detection of the cell-cell junction markers
E-cadherin (C), VE-cadherin (G and K), ZO-2 (D, H, and L), Scrib (E, I, and M) and
Dlg1 (F, J, and N) by immunostaining of postconfluent Caco-2 cells, HUVECs,
and hCMEC/D3. O and P, detection of Dlg1 by immunostaining of subconflu-
ent Caco-2 cells and hCMEC/D3. Cells were imaged by epifluorescence
microscopy. Scale bar � 10 �m. The white arrowheads indicate structures
likely corresponding to the cytoskeleton.
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were the heavy chains of the microtubule-dependent motor
protein kinesin-1 (MASCOT score� 68� 4) and of the coated
vesicle component clathrin (Fig. 3B). Mass spectrometry iden-
tification of kinesin-1 as a putative Dlg1 partner was not con-
firmed because this protein was not detected by Western blot-
ting in Dlg1 immunoprecipitates using two different antibodies
(data not shown). In contrast, in hCMEC/D3 homogenates,
specific monoclonal Dlg1 antibody was able to coimmunopre-
cipitate clathrin heavy chain, detected by Western blotting
using specific polyclonal antibodies (Fig. 3C). Reciprocally, spe-
cific polyclonal clathrin antibodies were able to coimmunopre-
cipitate the shorter form of Dlg1 (Fig. 3D). Clathrin heavy chain

was also detectable by Western blotting in Dlg1 immunopre-
cipitates derived from subconfluent Caco-2 cell lysates (Fig.
3F). To confirm that clathrin and Dlg1 may be present in the
same protein complexes, the close proximity of the two endog-
enous proteins was tested by a Duolink� in situ PLA assay. PLA
staining of clathrin and Dlg1, as well as of clathrin and the
�-adaptin subunit of AP-1 used as a positive control, revealed
numerous dots in fixed hCMEC/D3, indicating that the couples
of proteins are less than 40 nm apart (Fig. 3, G and H). In con-
trast, only a few PLA-positive dots were observed in cells
labeled with the corresponding non-relevant immunoglobulins
(Fig. 3, I and J). Therefore, these data confirm that in hCMEC/
D3, clathrin and Dlg1 are directly or indirectly associated in
complexes.
The association of Dlg1 with the perinuclear cytoskeleton

and its interaction with clathrin led us to the hypothesis that, in
endothelial cells, Dlg1 could be involved in secretory pathways.
To test this hypothesis, we first investigated whether the clath-
rin-associated adaptator protein complex AP-1, which is
known tomediate vesicle sorting from the TGN,may also be an
interacting partner of Dlg1. Indeed, the �-adaptin subunit of
AP-1 detected by Western blotting coimmunoprecipitated
with Dlg1 in hCMEC/D3 whole cell lysates, suggesting that
AP-1 and Dlg1 are in a complex in endothelial cells (Fig. 3E).
To validate these coimmunoprecipitation data, protein colo-

calization was verified by confocal microscopy. Results show
thatDlg1 and clathrin heavy chain aswell asDlg1 and�-adaptin
colocalize perinuclearly in hCMEC/D3 (Fig. 4, A–H). In addi-
tion, Dlg1 partly colocalizes with GM130, a cis-Golgi marker,
and trans-Golgi network protein 2 (TGOLN2), a TGN marker
(Fig. 4, I–P). Together, these results suggest that in endothelial
cells, Dlg1 is complexed with the AP-1/clathrin coat of vesicles
emerging from the TGN.
Effect of Dlg1 Depletion on TGN Morphology—Previous

reports have shown that interference with cargo exit from the
TGN may disturb Golgi morphology and may even lead to its
dispersion. AsDlg1 in hCMEC/D3 is in complex with AP-1 and
clathrin, which are necessary for the formation of exocrine
secretory vesicles, we addressed whether Dlg1 depletion may
lead to alteration of TGN structure. To reduce Dlg1 expression
in hCMEC/D3, we used two siRNA duplexes, N8 and N11,
directed against two different Dlg1 nucleotide sequences.
Transfection with both siRNA duplexes led to a specific partial
down-regulation of Dlg1 mRNA and protein (data not shown).
However, N8 duplexes have a slight tendency to bemore potent
thanN11 duplexes, with a resulting decrease in the steady-state
Dlg1 level by 60% versus 50%, respectively. Transfection with
the irrelevant siRNA duplexes was without significant effect on
Dlg1 expression. Additionally, the globalmorphology, analyzed
by white light microscopy, of transfected cells with any of the
siRNAs used, was similar to the global morphology of control
cells (data not shown).
To assess TGN morphology, we immunostained fixed cells

for TGOLN2. Transfectionwith the siRNAduplexN8may lead
to the partial disorganization of theTGN (Fig. 5C). The number
of non-mitotic cells with TGN dispersion was significantly
greater in cell populations transfected with N8 siRNA duplexes
than in non-transfected cells or those transfected with Neg

FIGURE 2. In hCMEC/D3 cells, Dlg1 colocalizes with perinuclear compo-
nents of microtubules (�/�-tubulin) and intermediate filaments (vimen-
tin). A, cytoskeletal and cortical cytoskeletal structures were separated from
hCMEC/D3 total cell lysates as Triton X-100-insoluble fractions (low speed
fraction (F1) and high speed fraction (F2), respectively). The Triton X-100-
soluble fraction (F3) represents membranes and cytosol. Fractions were ana-
lyzed by Western blotting for the expression of Dlg1 and cytoskeletal markers
(�/�-tubulin, vimentin, �-actin, and talin). 5 �g (�/�-tubulin, vimentin, and
�-actin) or 20 �g (Dlg1 and talin) of protein were loaded in all lanes. An
experiment representative of two independent ones is shown. B–J,
hCMEC/D3 were stained for Dlg1 (B, E, and H, green signal) and cytoskeletal
markers (C, �/�-tubulin; F, vimentin; and I, F-actin; red signal). D, G, and J, the
image overlay (merge) was analyzed by confocal microscopy. Scale bar � 10
�m.
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siRNAduplexes (Fig. 5D). The results provide indirect evidence
thatDlg1 contributes to protein sorting at theTGN in endothe-
lial cells.
Effect of Dlg1Depletion onWPBBiogenesis—Because clathrin

and AP-1 were shown previously to be essential for the initial

steps of the formation of WPBs, the regulated VWF secretory
granules in endothelial cells, we speculated that their new inter-
acting partner, Dlg1, may also participate in WPB biogenesis.
To address this hypothesis, Dlg1 and VWF expression were
compared in the three Triton X-100 (in)soluble fractions

FIGURE 3. Identification of the coated vesicle components, clathrin heavy chain, and the �-adaptin subunit of AP-1 as putative direct or indirect
Dlg1-interacting partners. A, comparative patterns of the proteins immunoprecipitated from whole hCMEC/D3 lysates using monoclonal Dlg1 antibody (IP
Dlg1) or a nonspecific immunoglobulin IgG1 (IP IgG1). Proteins were separated on an SDS-polyacrylamide gel and stained with silver nitrate. B, the proteins
immunoprecipitated as mentioned above were trypsinized and identified by tandem mass spectrometry. Identified proteins with a MASCOT score higher than
45 in the IP Dlg1 sample and with a null score in the IP IgG1 sample are considered as putative Dlg1 partners. MASCOT scores are the means � S.E. from three
different experiments. C and D, the presence of clathrin heavy chain in Dlg1 immunoprecipitates was validated by Western blotting. Lysates derived from
hCMEC/D3 were immunoprecipitated using a monoclonal Dlg1 antibody (C), a polyclonal clathrin heavy chain antibody (D), or a control IgG. Immunoprecipi-
tates were subjected to Western blotting with Dlg1 or clathrin heavy chain-specific antibodies. E, AP-1 was tested as a Dlg1-interacting partner. Lysates were
immunoprecipitated using a polyclonal Dlg1 antibody, and immunoprecipitates were subjected to Western blotting with monoclonal Dlg1 or �-adaptin
antibodies. F, lysates derived from subconfluent Caco-2 cells were immunoprecipitated using a monoclonal Dlg1 antibody or a control IgG1, and immuno-
precipitates were subjected to Western blotting with clathrin heavy chain-specific antibodies. The input lane represents 3% of lysate used in immunoprecipi-
tation reactions. G–J, Duolink� PLA labeling of fixed hCMEC/D3 using a polyclonal clathrin heavy chain antibody and a monoclonal �-adaptin antibody (G) as
a positive control to verify the in situ PLA procedure and a monoclonal Dlg1 antibody (H) or, as negative controls, an irrelevant rabbit immunoglobulin IgG and
an irrelevant mouse immunoglobulin IgG2b (I) and irrelevant mouse immunoglobulin IgG1 (J). Small gray dots represent the PLA-positive signal. Nuclei appear
as gray ellipsoidal organelles. An experiment representative of three independent ones is shown. Scale bar � 10 �m.
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obtained from hCMEC/D3 whole cell lysates (Fig. 6A). Two
immunoreactive proteins were detected with the VWF anti-
body, a protein of an �360-kDa apparent molecular weight,
corresponding to theVWFprecursor proVWF, and a protein of
�260 kDa, corresponding to mature VWF (26, 27). The bulk of
both proteins was detected predominantly in the large-size
(low-speed) insoluble fraction (F1), as was Dlg1. More gener-
ally, the pattern of expression of both Dlg1 and VWFwere sim-
ilar in all three fractions (Fig. 6A). The presence of most of the
VWF signal in the Triton X-100-insoluble material has already
been described by Giblin and coworkers (26). In fact,WPBs are
resistant to 1% Triton X-100 for 5 min (data not shown), and,
therefore, VWF is not extracted from its storage granules in
these conditions. Then Dlg1 was immunoprecipitated from
whole cell lysates followed by Western blotting detection of
VWF (Fig. 6B). Data suggest that the mature form of VWF
specifically coimmunoprecipitates with Dlg1 and not with the
irrelevant IgG. In addition, Dlg1 and VWF localization was
imaged by confocal microscopy (Fig. 6C). Dlg1 and VWF par-
tially colocalize in a very discrete juxtanuclear zone. This cola-
beling was similar to that obtained for Dlg1 and TGOLN2 (Fig.
4P). Together, these data suggest that, in endothelial cells, Dlg1
and VWF are in a complex at the TGN. Finally, VWF immuno-
staining was analyzed in cells depleted for Dlg1. In fixed
hCMEC/D3 not transfected or transfected with the irrelevant
Neg siRNA duplexes, VWF is localized at WPBs all around the

cells and also visualized as a diffuse labeling, which was likely to
be localized at the endoplasmic reticulum (Fig. 7A). In
hCMEC/D3 transfected with N8 or N11 siRNA duplexes, VWF
labeling also appeared as perinuclear puncta (Fig. 7B). The
number of cells with an accumulation of perinuclear puncta
was counted in each condition (Fig. 7C). This number was
greater in cells transfected with N8 andN11 siRNA duplexes as
compared with control cells or cells transfected with Neg
siRNA duplexes. In addition, although differences are not sig-
nificant, this increase had a tendency to correlate with the
extent of Dlg1 extinction obtained by the different Dlg1 siRNA
duplexes (Fig. 7C). The effect of N8 and N11 duplexes in
hCMEC/D3 was a phenocopy of the effect of AP-1 knockdown
in a previous model of VWF-transfected HEK293 cells, which
led to failure inWPB formation (20). Together, these data sug-
gest that Dlg1 depletion impaired WPB formation in
hCMEC/D3.

DISCUSSION

The results presented here show that in postconfluent cul-
tured endothelial cells, Dlg1 is unexpectedly and mainly asso-
ciated with the intracellular cytoskeleton and Golgi apparatus,
even under conditions in which cell-cell junctions are well
established. As an approach to elucidating Dlg1 endothelial
function, we have identified three new putative Dlg1-interact-
ing partners, clathrin, AP-1, and VWF. Functional data lead us

FIGURE 4. Dlg1 colocalizes with perinuclear clathrin heavy chain and �-adaptin in addition to the cis- and trans-Golgi markers GM130 and TGOLN2,
respectively. hCMEC/D3 were fixed and stained for Dlg1 (A, E, I, and M, green signal) and coated vesicle components or Golgi markers (B, clathrin; F, �-adaptin;
J, GM130; or N, TGOLN2; red signal). C, G, K, and O, the image overlay (merge) was analyzed by confocal microscopy. D, H, L, and P, colocalization was determined
using ImageJ software. Scale bar � 10 �m.
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to suggest that in endothelial cells, Dlg1, together with clathrin
and AP-1, may play a key role in the early stages of WPB for-
mation at the TGN.
As a scaffolding protein, the subcellular localization of Dlg1

depends on its recruitment by molecular partners. Therefore,
Dlg1 localization varies between cell types. In confluent mam-
malian epithelial cells, the localization of Dlg1 at lateral cell-cell
junctions depends on its indirect interaction with E-cadherin
(2). In endothelial cells, adherent junctions implicate the
related VE-cadherin. However, in postconfluent HUVECs and
hCMEC/D3, with well established cell-cell junctions as shown
by the recruitment of the scaffolding proteins ZO-2 and Scrib,
Dlg1 did not colocalize with junction markers (Fig. 1, C–N).
Instead, we show that Dlg1 is present in Triton X-100-insolu-
ble, low-speed fractions of hCMEC/D3 lysates (i.e. large-size
cytoskeleton fraction) and by confocal microscopy is visualized
to colocalize with microtubules, intermediate filaments, and
Golgimarkers (Figs. 2 and 4). Dlg1 has been described, together
with Scrib and Lgl, as a constituent of the polarity complex
called Scrib. Our results suggest that the distribution of Dlg1
but not Scrib differ between epithelial and endothelial cells. The
distribution and composition of another cell polarity complex,
the partitioning defective (PAR) complex, has already been
shown to differ between epithelial and endothelial cells. In

FIGURE 5. Dlg1 depletion affects TGN morphology. Three days post-transfection, hCMEC/D3, in control conditions (A) or treated with the siRNA duplexes
Neg (B) or N8 (C), were fixed and stained for TGOLN2 (red signal). Cells were imaged using confocal microscopy. Digital zoom panels 1 and 2 highlight
TGOLN2-positive staining in control cells. Panels 3 and 4 illustrate one representative cell, a punctiform staining positive for TGOLN2, suggesting partial TGN
dispersion. Scale bars � 10 �m. D, hCMEC/D3 cells were transfected with Dlg1 siRNA duplexes, N8, or Neg-irrelevant siRNA duplexes or not transfected (ct).
Three days post-transfection, cells were fixed and stained for TGOLN2 and then analyzed by epifluorescence microscopy. The number of nonmitotic cells with
TGN dispersion was counted for each experiment among a total of 329 � 23 cells/condition. Results are the mean � S.E. from three different experiments. *,
p � 0.05 versus non-transfected cells; #, p � 0.05 versus cells transfected with Neg siRNA duplexes.

FIGURE 6. VWF coimmunoprecipitates and colocalizes with Dlg1 in
hCMEC/D3. A, total cell lysates were separated as Triton X-100-insoluble frac-
tions (low speed, fraction F1 and high speed, fraction F2) and Triton X-100-
soluble fraction (F3). Fractions were analyzed by Western blotting for the
expression of Dlg1 and VWF. 20 �g of protein was loaded per lane. B, lysates
were immunoprecipitated (IP) using a monoclonal Dlg1 antibody or a control
IgG1. Immunoprecipitates were subjected to Western blotting with Dlg1 or
VWF-specific antibodies. The input lane represents 3% of lysate used in immu-
noprecipitation reactions. An experiment representative of two independent
ones is shown. C–F, cells were fixed and stained for Dlg1 (C, green signal) and
VWF (D, red signal). E, the image overlay (merge) was analyzed by confocal
microscopy. F, colocalization was determined using ImageJ software. Scale
bar � 10 �m.
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endothelial cells, a complex consisting of the association of the
scaffolding proteins PAR-3 and PAR-6was shown to be directly
associated with VE-cadherin, whereas in epithelial cells, the
PAR-3/atypical protein kinase C/PAR-6 complex is localized to
tight junctions and has a central role in the development of
apicobasal polarity (28). The fine mechanisms that control api-
cobasal polarity in both cell types are, therefore, likely to be
distinct.
Data show that, whatever their state of confluency, twomain

Dlg1 isoforms are expressed in endothelial cells, whereas, as
previously shown, four main isoforms (an additional band just
barely detectable may also be seen at longer exposure time) are
expressed in Caco-2 cells (Fig. 1, A and B) (4). Isoforms are due
to the presence of two small sites of alternatively spliced inser-
tions in the Dlg1 coding sequence. The resulting functional
consequences are still poorly understood (4). Because in sub-
confluent Caco-2 cells Dlg1 staining is similar to that in endo-
thelial cells, revealing tubular structures resembling the cyto-
skeleton (Fig. 1, O and P), the discrepancy between Dlg1
subcellular localization in postconfluent epithelial and endo-
thelial cells is not likely to be due to the differences noted in the
expression of Dlg1 isoforms (Fig. 1, A and B). The data rather
suggest thatDlg1 localization at cytoskeletal structures is due to
an interaction with cytoskeleton-associated proteins combined
with a defect in Dlg1 recruitment by cadherin complexes, inde-
pendently of which Dlg1 isoforms are expressed.

A large number of cytoskeleton-associated proteins are
direct or indirect partners ofDlg1 in a variety of cells. For exam-
ple, amongmicrotubule-associated proteins are themotor pro-
tein dynein, motors of the kinesin superfamily, and adenoma-
tous polyposis coli, a protein associated with microtubule plus
ends at the leading edge of migrating astrocytes (29–32). We
show that Dlg1 is largely associated with perinuclear microtu-
bules in endothelial cells (Fig. 2, B–D). Because its known
microtubule-associated partners in other cell types may not be
informative ofDlg1 functions in endothelial cells, we decided to
perform a proteomic analysis to identify Dlg1 endothelial-spe-
cific interactants. Three microtubule-associated proteins were
identified by tandem mass spectrometry in Dlg1 immunopre-
cipitates derived from hCMEC/D3 cells (microtubule-associ-
ated protein RP/EB family member 1, cytoplasmic dynein 1
heavy chain, and kinesin-1 heavy chain, supplemental Fig. S1).
Among them, kinesin-1 was the only protein identified with a
mean MASCOT score higher than 45, which was the a priori
threshold that we had set to consider a protein as a potential
Dlg1 partner. However, we failed to confirm kinesin-1 identifi-
cation in Dlg1 immunoprecipitates by performing Western
blotting (data not shown). Therefore, the cytoskeleton-associ-
ated proteins that are Dlg1 partners in endothelial cells remain
to be established.
Given its role in protein trafficking and its identificationwith

the most elevated MASCOT score (Fig. 3B), clathrin was the
next putative Dlg1 partner in endothelial cells that caught our
attention. In hCMEC/D3, the combination of Duolink� in situ
PLA with coimmunoprecipitation shows that some of the
endogenous clathrin and Dlg1 proteins are present in com-
plexes (Fig. 3). Furthermore, the two proteinsmainly colocalize
in a juxtanuclear zone probably corresponding to the Golgi
apparatus (Fig. 4). Among clathrin adaptators, which link clath-
rin to membrane components, are the AP complexes (33). The
AP-2 complex is involved in clathrin-mediated endocytosis.
AP-2 has been shown to exist in a complex with Dlg1, myosin
VI, and �-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid-type glutamate receptors (AMPARs) in rat brain (34). Dlg1
is thus suspected to participate in AMPAR endocytosis at the
stimulated synapses. Similarly, the AP-1 complex is involved in
clathrin-mediated vesicle sorting from the TGN to endosomes.
By analogy with Dlg1 interaction with AP-2, we reasoned that
AP-1 could be present in a complex with clathrin and Dlg1 in
endothelial cells. In fact, Dlg1 and AP-1 coimmunoprecipitate
and colocalize in hCMEC/D3 cells in a discrete zone adjacent to
the nucleus, suggesting that Dlg1 may participate in the forma-
tion of AP-1/clathrin-coated vesicles at the TGN. Finally, the
specific polyclonal clathrin antibodies coimmunoprecipitate
only the shorter form of Dlg1, suggesting an isoform specificity
in the interaction between clathrin and Dlg1 (Fig. 3D). As
already shown in other cell types derived from the cardiovascu-
lar system, i.e. smooth muscle cells and cardiomyocytes, the
larger and the shorter isoforms of Dlg1 differ, in endothelial
cells, by an N-terminal insertion of a small proline-rich
sequence named I1A that is due to the presence of a site of
alternative splicing in the mRNA (data not shown) (35, 36). In
the larger form, an SH3 binding site is thus present that may
bind the SH3 domain of a number of protein tyrosine kinases or

FIGURE 7. Dlg1 depletion impairs WPB formation. A and B, hCMEC/D3 were
transfected with irrelevant Neg siRNA duplexes (A) or with N8 siRNA duplexes
(B). Three days post-transfection, cells were fixed and immunolabeled for
VWF (green signal). Cells were analyzed by epifluorescence microscopy. Scale
bar � 10 �m. C, hCMEC/D3 were transfected with Dlg1 siRNA duplexes, N8 or
N11, with Neg irrelevant siRNA duplexes, or not transfected (ct). Three days
post-transfection, cells were fixed and stained for VWF. Cells were analyzed by
epifluorescence microscopy. The number of cells with perinuclear VWF-pos-
itive puncta was counted for each experiment among a total of 194 � 10
cells/condition. Results are the mean � S.E. from three different experiments.
*, p � 0.05 versus non-transfected cells; #, p � 0.05 versus cells transfected
with Neg siRNA duplexes.
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of Dlg1 itself in an intra- or an extramolecular way that favors a
“closed state” or the homomultimerization of the protein,
respectively (37). The presence of the I1A insertion in Dlg1 is
likely to inhibit the formation of protein complexes containing
clathrin by causing interactions that would mask the required
binding sites.
Previous reports have shown that impairment of clathrin-

coated vesicle trafficking from the TGN, by depletion of a vari-
ety of proteins such as clathrin, the motor proteins myosin 1b
and myosin 6, or Hip1R, which coordinate actin assembly with
clathrin budding, leads to the swelling of Golgi cisternae and,
therefore, to the perturbation of TGNmorphology (38–41). As
indirect evidence of Dlg1 implication in clathrin function, the
data presented here show that Dlg1 depletion in hCMEC/D3
induces the loss of TGN structure (Fig. 5). In particular, the
partial TGNdispersion observed in 35% of cells treatedwithN8
duplexes (Fig. 5C) is a phenocopy of the effect obtained onTGN
morphology by Hip1R knockdown in HeLa cells (39).
Few WPB components have been identified so far, and the

mechanisms of the early steps of WPB biogenesis are far from
elucidation (17). Besides VWF aggregation, the presence of an
AP-1/clathrin coat has been found to be essential forWPB for-
mation (20). Interference with AP-1/clathrin function prevents
the formation of WPBs at the TGN that instead become small
and rounded puncta. Although the question of how a luminal
soluble cargo (VWF) might interact with an external protein
complex (AP-1/clathrin) remains to be answered, it was pro-
posed that the AP-1/clathrin coat may specifically stabilize the
initial folding of VWF into tubular aggregates (17, 20). AP-1 has
relatively few known effectors. Recently the small GTPases
Rab10 and Rab8 were shown to genetically interact with AP-1
and act in WPB formation at the level of the Golgi apparatus
(27, 42). However, data is still lacking to develop a model that
would explain WPB formation by integrating all partners
already identified. We provide here the first evidence suggest-
ing thatDlg1 is also anAP-1 partner and thus participates in the
control of the early steps of WPB biogenesis. Firstly, in
hCMEC/D3 lysates, Dlg1 immunoprecipitates with the mature
form of VWF (Fig. 6B). The cleavage of the VWF prosequence
occurs at the TGN, and therefore, the proVWF is mostly pres-
ent in the endoplasmic reticulum and Golgi apparatus (26, 27,
43). Because Dlg1 and VWF colocalize in a discrete juxtaperi-
nuclear zone reminiscent of the TGN (Fig. 6, C–F) and Dlg1
does not localize toWPBs, data suggest that Dlg1 and VWF are
in a complex at the early stages of WPB formation. Secondly,
Dlg1 depletion in hCMEC/D3, as shown previously in cells
depleted for AP-1, causes an accumulation of small and
rounded VWF-positive perinuclear puncta to the detriment of
the normal cigar-shaped WPBs (Fig. 7). Finally, as already dis-
cussed, Dlg1 coimmunoprecipitates and colocalizes with clath-
rin and AP-1 in a juxtanuclear position. In a more speculative
way, because Dlg1 interacts with the AP-1/clathrin complex,
which forms an external coat to vesicles, and with the soluble
internal cargo, VWF, it is likely that Dlg1 is associated with a
yet-unidentified transmembrane protein that would be the
missing link between VWF and the AP-1/clathrin complex.
The data presented here finally raise the question as to

whether, more generally, although the biogenesis of the WPBs

is very specific, theAP-1/clathrin/Dlg1 complex could also par-
ticipate in the formation of transport vesicles necessary for the
targeting of other substrates, such as receptors or channels, to
the plasmamembrane in endothelial cells as well as in other cell
types. This hypothesis is supported by the observation that
clathrin coimmunoprecipitates with Dlg1 in subconfluent epi-
thelial cells (Fig. 3F), although, to our knowledge there is no
evidence to date for a role of Dlg1 in Golgi-mediated exocytosis
in these cells. In neurons, direct interaction of Dlg1 with
AMPARs and the voltage-gated potassium channel Kv4.2
occurs very early in their biosynthetic pathway, while they are
in the endoplasmic reticulum and the cis-Golgi network (44,
45). Furthermore, Dlg1 was shown to be involved in the traf-
ficking of these receptors from the TGN to the postsynaptic
compartment in association with themotor proteinmyosin VI.
By analogy with Dlg1 interaction with AP-2 and the involve-
ment inAMPAR endocytosis, we cannot exclude that Dlg1may
also participate, together with AP-1 and clathrin, in the forma-
tion AMPAR and Kv4.2 sorting vesicles (44, 46). It would be of
interest to investigate whether the functional complex AP-1/
clathrin/Dlg1 that we introduce here may contribute to shape
transport vesicles or whether this complex is unique to the for-
mation of the specific secretory granules, WPBs, in endothelial
cells.
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